Abstract: For crab larvae, swimming behaviors coupled with the movement of tides suggests that larvae can normally move upstream within estuaries by avoiding ebb tides and actively swimming during flood tides (i.e., flood-tide transport [FTT]). Recently, a 1-D transport model incorporating larval behavior predicted that opposing forces of river discharge and tidal amplitude in the Pee Dee River/Winyah Bay system of South Carolina, USA, could limit dispersal within a single estuary for downstream transport as well as become a dispersal barrier to recruitment of late stage larvae to the freshwater adult habitats of Uca minax (LeConte 1855). We sequenced 394-bp of the mitochondrial cytochrome apoenzyme b for 226 adult U. minax, from four locales along a 49-km stretch of the Pee Dee River/Winyah Bay estuary, above and below the boundary of salt intrusion. Results of an analysis of molecular variance (AMOVA) and an exact test of population differentiation showed a small, but statistically significant (α=0.05) population subdivision among adults of the 4 subpopulations, as well as all subpopulations being significantly differentiated (α=0.05). This pattern fitted with model predictions, which implies that larval transport within the tidally influenced river system is limited.
Introduction
The dispersal from and recruitment to an estuary for invertebrate larvae is a question with a long history [1] [2] [3] [4] . In the simplest scenario, recently released larvae are thought to ride ebb-tide currents down estuary after their release cued by spring tidal cycles [5, 6] , which maximizes their speed of export towards the continental shelf where they develop in the plankton for several weeks [7] [8] [9] [10] ; there, the larval pool is mixed with larvae from other areas. Near the end of larval development, late-stage larvae or post larvae from this mixed pool are hypothesized to recruit back to the estuary using their vertical swimming behaviors that position them pelagically in flood tides to travel up-estuary and benthically during the ebb phase, resulting in a step-wise transport up estuary (called floodtide transport or FTT, [11, 12] ). The FTT model depends on several parameters, which integrate into a stepping stone transportation of megalopae (=late-stage larvae) up the estuary against the net flow toward its mouth. Megalopae swim up into the water during nocturnal flood tides in response to increasing salinity [13, 14] . They remain in the water column during the flooding tide in response to tidal current turbulence and actively return to the benthos when flood tide and turbulence slackens, thus avoid downstream displacement during ebb tides [15] [16] [17] . Megalopae are negatively phototactic and thus avoid diurnal flood tides by lingering on the bottom during the day [11, 18] . The resultant saltatory movement ensures advection of megalopae up estuary allowing them to recruit to adult populations higher in the estuary when certain flow patterns are present. The FTT theory will support up-estuary recruitment of megalopae in well-mixed, tidally-dominated estuaries, where differences in duration and intensity of ebb tidal and flood tidal currents is not significant. On the outer coastal plain of the Southeastern and Gulf coasts of the US, low topographic relief allows flood tidal currents to extend through estuarine region beyond the salt/ fresh boundary, eventually ending at a point up-river in completely freshwater. Completely freshwater stretches of rivers have a tidal cycle generated by the tidal pressure at their mouths and extending far inland through their mixed, estuarine zones. Such is the case on the Pee Dee River in SC where significant tidal pressure from the ocean overwhelm net, often low downstream flow in the river up-stream as to periodically reverse its flow [19] . However, these systems are populated by robust adult populations of decapods that extend far up into their freshwater regions. It is not clear how traditional larval export can take place and still resupply adult populations via recruitment of pelagic larvae. Under these conditions, we considered that flow limitations may prevent upper estuarine crabs from genetic exchange with those from those even in the lower estuary system. Under such constraints, we hypothesize that some degree of genetic structuring might occur within a single tidally influenced river system.
One species that occurs in such a system is Uca minax (LeConte 1855). Uca minax, the red-jointed fiddler crab, is found on muddy sediments in temperate and subtropical upper intertidal zones of, from brackish to tidal freshwater. On a broader scale, it occurs in two separated regions along the western Atlantic coast: from Massachusetts to northern Florida and within the Gulf of Mexico-from the panhandle of Florida and westward to Louisiana [20, 21] . U. minax is a semi-terrestrial, deposit feeder and forages on intertidal mud flats and sand flats at low tides [20, 22, 23] , and it is unique in the Pee Dee System in that it occurs in locations significantly up river as compared with its congeners. Within the Pee Dee River System (Figure 1 ), U. minax adult populations occur as far inland as 67 Km from the ocean in completely fresh water and in some areas compete with crayfish for burrow space.
Ovigerous U. minax females release their first stage zoea on nocturnal ebbing spring tides that may in many systems facilitates their rapid transport downstream toward the mouth of the estuary and [5, 6, 24] . The newly released larvae pass through five zoeal stages and eventually metamorphose into post-larval megalopae [25] that reinvade the estuary by actively swimming during nocturnal flood tides moving to up-estuary/ upriver areas where they settle into parental habitats and metamorphose into the first crab stage [26] .
Adult U. minax have high site fidelity and do not migrate to spawn, as is seen in the females of other amphidromous species like some shrimp (e.g., Cryphiops caementarius, reported in [27] ), the blue crab (Callinectes sapidus, see [28] , or the Chinese mitten crab (Eriocheir sinensis, reported in [29] ). All dispersal and recruitment occurs in the larval stage, between hatching and metamorphosis to first crab, a period of approximately 1 month [30] . As such, larval transport is at the mercy of the net ebb and flow present within the individual river system.
The Pee Dee River System is long and narrow, relative to its width, and has recently been successfully modeled by some of us [19] as a simple, one-dimensional system where river flow seaward is checked by movement inland due to pressure associated with rising tides. Under different river flows, the fresh/salt water interface moves toward the sea (during high river flow [~1000 m 3 sec -1 ]) or up-river (during low river flow [~164 m 3 sec -1 ), but in either case the tidal amplitude that drives flood currents (and subsequent FTT potential) is counteracted by river flow that can limit megalopae from recruiting to the crab populations farther up river. Under average river flow conditions, the maximum up-river tidal flows are seen as much as 63 km inland from the mouth of the estuary, far above the barrier of saltwater intrusion. The asymmetry of tidal amplitude and river flow, when coupled with larval behavior, translates into conditions that not only limit larval transport downstream from the far inland populations towards the sea, but severely limits the potential for FTT of larval/post-larval stages up estuary to adult populations from the mouth of the estuary.
With both these consequences of the model's results taken in consideration, we decided to measure the consequences of this flow regime with respect the limits on genetic transport among adult U. minax populations along the range of the tidal freshwater section of the Pee Dee system, initially assessing molecular variation in a region of the mitochondrial cytochrome b allele (cytb) from adult crabs located along the length of the Pee Dee system. If the potential for larval transport is as limited as our model suggests [19] , then U. minax within the Pee Dee system may not be genetically homogeneous. If so, this would be the first report we know of that demonstrates a limit to gene flow by a species of marine invertebrate with planktotrophic larvae within an estuary/ river system. Qiagen, Inc., USA) using manufacturer' protocols with a final elution volume of 100 µL, and a 448-bp amplicon was produced by PCR using the cytb primers cytb424 (GGW TAY GTW YTW CCW TGR GGW CAR AT) and cytb876 (GCR TAW GCR AAW ARR AAR TAY CAY TCW G) [31] . Amplification was done in a total volume of 20 μl reaction mixture containing 50 mM KCl, 10 mM Tris-HCl, pH 8.3 (Perkin-Elmer Cetus), 1.5 mM MgCl 2 , 200 mM dNTP (Promega), 5 pmol forward and reverse primer, and 1 unit Taq DNA polymerase. Reaction mixtures were heated initially to 94°C for 4 min, followed by 35 cycles of 94°C for 15 s, 45°C for 45 s and 72°C for 1 min, with a final extension of 72°C for 7 min on a BioRad ® MyCycler TM , USA. Prior to sequencing, aliquots of each PCR were treated with Antarctic phosphatase and exonuclease (Exo I) to degrade remaining unincorporated dNTPs and primers. Amplicons were sequenced in both directions with PCR primers using BigDye ® Terminator v3.1 Cycle Sequencing Kit and analyzed on an Applied Biosystems 3130XL capillary sequencer. The remaining DNA sequences, 394-bp (after exclusion of primers), were aligned by eye, and all sequences are deposited in GenBank under the accession numbers JX206998-JX207109.
Experimental Procedures
We used TCS 1.21 [32] to construct a haplotype network by statistical parsimony. We also constructed a branching network using MEGA 5.1 [33] using a Kimura 2-parameter model of evolution.
We analyzed for population structure using Arlequin 3.5.1.2 [34] . Two analyses of molecular variance (AMOVA; [35] ) were performed: one simple (1-level) analysis to test for population subdivision among sample sites and a second analysis grouping the two purely freshwater subpopulations (Yauhannah and Bates Hill) compared in a nested analysis against the two experiencing salinity at some level (Hwy 17 and Frazier Point). An exact test of population differentiation [36] ; executed in Arlequin 3.5.1.2) was performed testing the null hypothesis of panmixia, using a Markov chain of 100,000 steps and an initial conditioning run of 10,000 steps. Haplotype diversity (h) and nucleotide (π) diversity within each population were also calculated in Arlequin 3.5.1.2.
Results
Neither the haplotype network produced using statistical parsimony [32] nor the unrooted network generated using the Kimura 2-parameter model of evolution [37] in the program MEGA 5.1 [33] produced a pattern that was indicative of phylogenetic structuring along the length of the system. A network that was generated for 112 different haplotypes among 226 individuals using statistical parsimony was highly reticulate and the unrooted network using Neighbor-Joining method [38] showed no structuring; only the latter is reproduced here (Figure 2) . However, further analysis using analysis of molecular variance (AMOVA 1; Table 2 ) resulted in a small, but statistically Figure 2 . Relationships of unique haplotypes was inferred using the Neighbor-Joining method [38] . The optimal tree with the sum of branch length =0.2496 is shown. Branches are identified as Yauh (Yauhannah), Bates, Hwy17, and Fraz (Frazier Point), followed by a number. The tree is drawn to scale, with branch lengths in the same units as those of the distances used to infer the phylogenetic tree. The distances were computed using the Kimura 2-parameter method [37] and are in the units of the number of base substitutions per site. The analysis involved 112 nucleotide sequences with a total of 394 positions in the final dataset. Analyses were conducted in MEGA5 [33] . Bate s (28 ) Hw y17 (24 ) Ba te s( 11 ) H w y1 7( 13 ) F ra z( 2 6 ) B a te s (2 9 ) F ra z (3 0 ) Y a u h (1 6 ) F r a z ( 1 9 ) F r a z ( 2 4 ) H w y 1 7 ( 9 ) B a t e s ( 1 7 ) Table 2 ).
Pairwise tests can further resolve where differences between subgroups are significant. In Table 3 Table 2 . Results of analysis of molecular variance (AMOVA) for Uca minax samples within the Pee Dee system based on two alternative scenarios.
The first treated the four locales as independent without substructuring and the second grouped by locales that are above (Bates Hill and Yauhannah) or below (Frazier Point and Hwy 17) the boundary of salt intrusion (Figure 1 ). Table 3 . Pairwise φ ST -values (above the diagonal) and level of significance of pairwise φ ST and values below the diagonal are P (±SD) of φ ST value belonging to a distribution of φ ST values from random permutations of the data (based on 100172 permutations). Distances that are significant (α=0.05) are marked by "*". "0.000 † " refers to a SD<0.0001 (the limit of Arlequin 3.5.1.2 estimation). 
Discussion
The results of the AMOVA relate that there is small, but significant population genetic structuring among adult crab populations along the length of the Pee Dee River system. Given the prediction by many that Uca minax has a reproductive behavior consistent with FTT in other systems, this suggests that the flow regime within and beyond the estuarine region of the river is a significant obstacle to regular transport to the continental shelf or recruitment upriver by those larvae near the mouth. A recent larval transport model [19] predicted that flow patterns in this system made that transport downriver or upriver by Uca minax larvae difficult even within multiple generations/seasons. While recruitment to the lower estuary from the pool of larvae on the continental shelf is probably a regular occurrence, transport is rarer to Bates Hill and long-distance transport farther inland from the shelf is unlikely. Under these conditions, we expected limited gene flow between the locales we sampled, and that is the pattern we established based on the cytb data. While the differentiation among populations is small, it is present and significantly so. An exact test of the hypothesis of panmixia between pairs of subpopulations [36] was soundly rejected; a finding that also supports lack of larval transport longer distances in the river system. Although this pattern does rely on small differences and relatively high variances, the results are statistically significant. Therefore, this account represents the first example, to our knowledge, that demonstrates differentiation of subpopulations within an estuary for a species with planktotrophic larval life history. Many studies and theoretical reviews have correlated the potential for larval dispersal and resulting gene flow with larval life history (e.g., [39] [40] [41] [42] [43] ), but many cite hypothesized barriers to dispersal or historical changes a posteriori [44] [45] [46] [47] [48] [49] in the face of low gene flow for species with longer larval development. The link between life history and behavior in estuarine species is thought to impact the evolution of species over time, as larval retention or export can have differing impacts on a species' adaptability to local conditions [2] . In our study, we started with a hydrological transport model and a larval strategy suggestive of transport to the continental shelf and subsequent recruitment to inland adult populations via FTT. However, our model showed that FTT cannot adequately resupply the upper reaches of the system, and the genetic analysis is congruent with that hypothesis.
Larval retention in the upper system is not adequate to explain the observed pattern of genetic structure, either. Early-stage larvae of U. minax cannot survive through even the first larval stage in freshwater found at Yauhannah and Bates Hill [50] , even though there are robust populations of adults at these locations. Despite this larval intolerance, the boundary of salt intrusion not a significant structuring mechanism, as freshwater and saltwater locales, when combined, did not demonstrate any significant effect on genetic structure. Physiological differences alone cannot explain the pattern seen in our data. Indeed, two of the 112 haplotypes that occur at all four locales are the most common haplotype at both Hwy 17 and Bates Hill, which is perplexing given that these are not found in the adult populations downstream (Frazier Point) when limited downstream transport from Hwy 17 is not predicted based on flow. We are at a loss to suggest any mechanism other than larval transport being even more restricted than the model predicts [19] .
The impact on the genetic homogeneity that results from an amphidromous life history (i.e., freshwater reproduction with larval transport to the sea) may be over simplified. In general, the concept that the larvae of amphidromous animals, which can disperse widely, should result in greater homogeneity among populations than those of solely freshwater species [51] , which would result in less genetically structured populations of adults as compared to those of obligate freshwater species. Moreover, amphidromous and estuarine species are thought to result in populations that are more structured than purely marine-dwelling species [52] . Several species that could be classifed as amphidromous, most notably among them Callinectes sapidus, migrate to the lower estuary to release their larvae [53] [54] [55] , which may be tied to limits of larval osmoregulation for those species. Clearly, this adult behavior suggests that larval export ability is much different in these species than it is for one with high site fidelity, like for U. minax reported here. Several species of sesarmid crabs also exhibit stationary up-estuary or up-river adult phases and release first stage zoeae to be transported by river currents to estuaries and nearshore waters to complete development and re-immigrate to freshwater habitats as megalopae [56] [57] [58] .
Amphidromous decapods typically exhibit characteristic ontogenetic patterns of variation in osmoregulatory capabilities [58, 59] . Variability in salinity can however, lead to significant differences in larval production, growth, survivorship and reproductive potential related to osmotic stress [60] . Given that, it has been argued that reinvasion of an estuary that has significant freshwater input would present the returning post-larvae with physiochemical challenges due to highly variable salinity and temperatures that may be encountered [59, 61] . However, our data suggest that this is not a limiting factor in this system as Uca minax occur in both fresher and saltier waters of the estuarine/river system, without apparent regard to the salinity barrier, although the most inland populations are much less dense. There is no genetic subdivision that is significant based on salinity. Therefore, adaptation to low salinity is an advantage to the ability to colonize the freshwater region of the Pee Dee system and may affect the species inland range, but not a determining factor of genetic diversity in our study.
Certainly, within an estuarine system and its confluent freshwater rivers, different species are likely to have much different larval export strategies and relative success of those strategies. Beyond that, hydrographic constraints and river channel geometry within a system will have a major impact on those larvae recruiting back to preferred adult habitat.
We realize that measuring change in the mitochondrial haplotypes for Uca minax, although yielding statistically significant results, is a weak inference of population genetic isolation. Toward that end, we are currently developing several nuclear loci (i.e., microsatellites and nuclear-gene introns) to help better understand the fine-scale processes in the Pee Dee and other coastal systems along the range of U. minax. With these new tools, it may be possible to track individual broods through a larval development and recruitment cycle.
